Ϫ efflux induces depolarization and contraction of smooth muscle cells. This study was undertaken to explore the role of Cl Ϫ channels in endothelin-1 (ET-1)-induced contraction in rabbit basilar artery. Male New Zealand White rabbits (n ϭ 26), weighing 1.8-2.5 kg, were euthanized by an overdose of pentobarbital. The basilar arteries were removed for isometric tension recording. ET-1 produced a concentration-dependent contraction of the rabbit basilar artery in the normal Cl Ϫ Krebs-Henseleit bicarbonate buffer (123 mM Cl Ϫ ). The ET-1-induced contraction was reduced by the following manipulations: 1) inhibition of Na ϩ -K ϩ -2Cl Ϫ cotransporter with bumetanide (3 ϫ 10 Ϫ5 and 10 Ϫ4 M), 2) bicarbonate-free solution to disable Cl Ϫ /HCO 3 Ϫ exchanger, and 3) preincubation of rings with the Cl Ϫ channel blockers niflumic acid, 5-nitro-2-(3-phenylpropylamino)benzoic acid, and indanyloxyacetic acid 94. The ET-1-induced contraction was enhanced by substitution of extracellular Cl Ϫ (10 mM) with methanesulfonic acid (113 mM). Cl Ϫ channels are involved in ET-1-induced contraction in the rabbit basilar artery. ] o ), is between Ϫ20 and Ϫ30 mV, which is roughly 15-30 mV more positive than the resting membrane potential. Consequently, the opening of Cl Ϫ channels causes Cl Ϫ efflux, drives the membrane potential toward E Cl , depolarizes the cell membrane, and contracts smooth muscle cells. Cl Ϫ channels are found in many types of cells, including portal venous cells (20) , ear artery cells (2) , and esophageal smooth muscle cells (1) . Three kinds of Cl Ϫ channels were identified in smooth muscle cells: voltage-dependent large-conductance Cl Ϫ channels (33) , volume-sensitive Cl Ϫ channels (13) , and Ca 2ϩ -dependent Cl Ϫ channels. Ca 2ϩ -activated Cl Ϫ channels are the most frequently studied Cl Ϫ channels. Many agonists, including norepinephrine (NE), methacholine, and histamine, also activate Ca 2ϩ -activated Cl Ϫ channels (15, 16, 32) . These agonists release Ca 2ϩ from the intracellular Ca 2ϩ store, which, in turn, activates the Ca 2ϩ -dependent Cl Ϫ current, thus depolarizing the cell membrane and ultimately resulting in contraction. Elevation of intracellular Ca 2ϩ also activates Ca 2ϩ -dependent K ϩ channels, which in turn hyperpolarize membrane potentials. The type of channel that plays a dominant role decides the outcome, that is, either contraction by the activation of Ca 2ϩ -dependent Cl Ϫ channels or relaxation by the activation of Ca 2ϩ -dependent K ϩ channels. Cl Ϫ channel blockers, i.e., niflumic acid, 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid (DIDS), and 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), have been shown to inhibit NE or phenylephrine-induced Ca 2ϩ -dependent Cl Ϫ current in rat portal vein (20) and contraction of rat pulmonary arteries (18, 20, 29) .
Cl
Endothelin-1 (ET-1) causes profound vasoconstriction in both arterial and venous smooth muscle. Because ET-1 is a potent and long-lasting vasoconstrictor, it has been regarded as a mediator of vasospasm and hypertension (39, 40) . Activation of the ET A receptors in vascular smooth muscle cells exerts the well-recognized contractile effect of ET-1 by inducing depolarization and resulting in increased intracellular Ca 2ϩ because of either mobilization of D-myo-inositol 1,4,5-trisphosphate-sensitive Ca 2ϩ store or an influx of extracellular Ca 2ϩ via dihydropyridine-sensitive Ca 2ϩ channels. Increased Ca 2ϩ not only leads to a contractile response but might also activate Ca 2ϩ -dependent ion channels (27) , including Ca 2ϩ -activated Cl Ϫ channels such as in rat pulmonary arterial smooth muscle cells (31) , porcine coronary arteries (20) , human mesenteric arteries (32) , and rat renal resistance arteries (11) . Ca 2ϩ -activated Cl Ϫ channels have been identified in rabbit cerebral artery by electrophysiology (18) , although their contribution to contraction in cerebral arteries by agonists such as ET-1 remains undetermined. The current investigation was conducted to investigate whether Cl Ϫ channels play a role in the ET-1-induced contraction in the rabbit basilar arteries. The following strategies were used: 1) inhibiting the Na 
MATERIALS AND METHODS

Tissue Preparation
Male New Zealand White rabbits (n ϭ 26) weighing 4-5 lb were anesthetized by intravenous injection of 5 mg acepromazine, 50 mg ketamine, and 25 mg xylazine and were euthanized with 250 mg pentobarbital sodium. The brain was removed, and the basilar arteries were cut into 2-mm rings in an ice-cold modified Krebs-Henseleit bicarbonate solution containing (in mM) 120 NaCl, 4.5 KCl, 1 MgSO 4, 27 NaHCO3, 1.2 KH2PO4, 2.5 CaCl2, and 10 dextrose and bubbled with 95% O2-5% CO2.
Isometric Tension
The rings were suspended at a resting tension of 400 mg (Radnoti transducer, Radnoti Glass) between stainless steel hooks in 10-ml water-jacketed tissue baths (Radnoti Glass) in modified Krebs-Henseleit biocarbonate buffer with 95% O 2-5% CO2 at 37°C. Rings were incubated for 90 min until a stable rest tension was achieved, and the solution was changed every 20 min to remove metabolites. The tissues were challenged with KCl (60 mM) twice at 30-min intervals before the experiment. Isometric force transducers were connected to arterial rings and the contraction was recorded with an eight-channel MacLab 8E and stored on a Power Macintosh computer. We removed endothelial cells in some of the studies by gently rubbing the rings with a steel hook. The removal of endothelium was confirmed by a loss of relaxation from 30 to 50 M acetylcholine (rings precontracted with 30 M 5-hydroxytryptamine).
The low-Cl Ϫ solution was prepared by the replacement of 120 mM NaCl with 120 mM NaOH. The pH of the buffer was titrated to 7.4 with the use of methanesulfonic acid while the solution was prewarmed and preaerated.
In Ϫ2 M in ethyl alcohol. The dosage of DMSO and ethyl alcohol used was Ͻ0.1% and produced no effects on the resting tension.
Statistics
All data are displayed as means Ϯ SE, and n represents the number of arterial rings in each group. One-way analysis of variance and t-test were used as analysis methods, and a value of P Ͻ 0.05 was considered to be significantly different.
RESULTS
ET-1-Induced Contraction in Rabbit Basilar Artery
In several previous reports (40), we have established that ET-1 produces concentration-dependent contraction in rabbit basilar arteries by activating the ET A receptor. The ET A receptor antagonist BQ-610, but not the ET B receptor antagonist BQ-788, reduced the contraction to ET-1. The EC 50 and maximum normalized response (to 120 mM KCl) of ET-1 from 0.1 to 100 nM are 8.10 Ϯ 1.54 nM and 199 Ϯ 11.2%, respectively.
Effect of Na
Rings were incubated in 3 ϫ 10 Ϫ5 M (n ϭ 7) and 10
inhibitor) for 30 min before application of ET-1 from 10 Ϫ10 to 10 Ϫ7 M. Bumetanide significantly suppressed the contraction in a concentration-dependent and reversible manner (Fig. 1 and 10 mM Cl Ϫ ) buffer containing the same concentration of ET-1. No significant change in tension was observed when normal Cl Ϫ solution was changed to fresh normal Cl Ϫ solution (Fig. 4A) . In contrast, tension was markedly enhanced when low-Cl Ϫ buffer was used (Fig. 4B ). Figure 5 summarized the effect of lowCl Ϫ buffer on the initiation and sustained contraction of ET-1.
Ca 2ϩ -free solution. A more concentrated solution of ET-1 (10 Ϫ7 M vs. 10 Ϫ8 M) in a Ca 2ϩ -free buffer was used to achieve a similar degree of contraction (of ET-1 10 Ϫ8 M in normal Ca 2ϩ buffer). After a stable contraction was attained, the buffer was replaced by Ca 2ϩ -free and low-concentration Cl Ϫ buffer with 10 Ϫ7 M ET-1. Instead of being potentiated, the contraction caused by ET-1 decreased significantly (Fig. 6) , thus indicating that a low-Cl Ϫ solution enhances ET-1 contraction by depolarization and extracellular Ca 2ϩ influx.
Effects of Cl Ϫ Channel Blockers on ET-1-Induced Contraction Preincubation with Cl
Ϫ channel blockers. Rings were pretreated with niflumic acid, NPPB, and IAA-94 at 3 ϫ 10 Ϫ5 or 10 Ϫ4 M, respectively, for 30 min before ET-1 applications in the range of 10 Ϫ10 -10 Ϫ7 M. The Cl Ϫ channel blockers had no effect on the resting tension. Pretreatment with niflumic acid, NPPB, and IAA-94 attenuated ET-1-induced contraction in a concentration-dependent and reversible manner (Fig. 7) .
Relaxant effect of Cl Ϫ channel blockers. ET-1 (10 Ϫ8 M) was used first to achieve a sustained contraction. The relaxant effect of niflumic acid, NPPB, and IAA-94 was tested in solutions in the range of 10 Ϫ6 -10 Ϫ4 M. All inhibitors induced a concentration-dependent relaxation. Figure 8 shows the original tracing of the effect of Cl Ϫ channel blockers. Figure 9 summarizes the dose-dependent effect of IAA-94 (n ϭ 12), NPPB (n ϭ 10), and niflumic acid (n ϭ 7) on ET-1 (10 
Exchanger in ET-1-Induced Contraction
The Na ϩ -K ϩ -2Cl Ϫ cotransporter is one of three mechanisms responsible for the accumulating intracellular Cl Ϫ in smooth muscle cells (23) . The receptor agonist NE activates the Na ϩ -K ϩ -2Cl Ϫ cotransporter to increase intracellular Cl Ϫ and depolarizes the membrane potential in rat femoral arterial smooth muscle cells (7, 21) . Bumetanide, a Na
Ϫ cotrans- porter inhibitor, decreases intracellular Cl Ϫ and hyperpolarizes membrane potential. Bumetanide relaxes NE-induced contractions in the rat aorta (7, 21) .
Ϫ cotransporter activity is more active in arterial smooth muscle in the deoxycorticosterone acetate/ salt model of hypertension than in normotensive control rats (4, 8) . Consequently, the level of intracellular Cl Ϫ is higher, and the E Cl is more positive in hypertension, thus contributing to the hypertensive depolarization and maintenance. Those studies indicate that the Na
Ϫ cotransporter plays a role in vascular smooth muscle cells, which modulates the membrane potential and contraction. Our study showed that bumetanide depresses ET-1-induced contraction and consistently demonstrated that Cl Ϫ current and the Na
Ϫ cotransporter are involved in the ET-1 contractile response in cerebral arteries.
It has been reported that except for its function of modulating intracellular pH, the Cl 2ϩ entry from the extracellular space. The alteration of E Cl is probably the mechanism of the potentiating effect of a low-Cl Ϫ buffer. Given the assumption that the internal Cl Ϫ is 54 mM (the value in the rabbit choroid smooth muscle cells) (5) and that the extracellular Cl Ϫ is normally 123 mM, as used in this study, extracellular Cl Ϫ decreasing from 123 to 10 mM results in membrane depolarization. Other investigators have also observed enhanced pressure-induced myogenic tone (26) and that a low-Cl Ϫ buffer potentiates NE-induced contraction in rat aortas (21) . In contrast, a Cl Ϫ -free buffer inhibits phenylephrine-induced contraction and Ca 2ϩ influx in the rat caudal artery (33) . Variation in experimental procedure or contractile mechanism of the caudal artery might possibly explain these differences. In the rat aorta, we exposed low-Cl Ϫ solution and NE to the arterial rings at the same time by premixing NE with the low-Cl Ϫ buffer (21) . Under such circumstances, the intracellular Cl Ϫ was not depleted (21) . However, in rat caudal artery preparations (33), the arterial rings were washed with Cl Ϫ -free buffer and allowed to equilibrate for 30 min in Cl Ϫ -free solution before application of phenylephrine. At the time that phenylephrine was administered, the intracellular Cl Ϫ had already been depleted. The differences in the two experimental conditions might explain the controdictory responses to the low-Cl Ϫ solution by NE and phenylephrine.
Low Cl Ϫ has caused some minor potentiation differences between NE-induced contraction and ET-1-induced contraction. Low-Cl Ϫ buffer enhances NE-induced contraction more markedly at the initial contraction point than during the sustained contraction phase (21) . In contrast, low-Cl Ϫ buffer enhances ET-1 markedly during both the initial contraction and the sustained contraction, indicating a different contractile response mechanism with respect to these agonists. Recent studies (25) have demonstrated that concentrations of ET-1 Ͼ10 Ϫ8 M activate both nonselective cation channels and store-operated Ca 2ϩ channels. The voltage-dependent Ca 2ϩ channel plays a minor role in ET-1-induced contraction but plays a major role in NE-induced contraction (12, 25) (18) reported that NPPB and niflumic acid relax ET-1-induced contraction in pulmonary arteries but that the mechanism is independent of the Cl Ϫ channel blocking action. Doughty et al. (9) observed a direct inhibitory effect of NPPB and IAA-94 on KCl-induced contraction in rat cerebral artery. These reports indicate that the relaxant effect of Cl Ϫ channel blockers is nonselective and at least partially results from blocking the voltagedependent Ca 2ϩ channels. The endothelium is another possible source of the "nonselective" relaxant effect of the Cl Ϫ channel blockers. Vasoactive agents released from the endothelium regulate vascular tone in cerebral arteries. In a recent study, Lamb et al. (22) indicated that nitric oxide released from endothelial cells might regulate both the resting Cl Ϫ conductance and the ability of agonists to activate the Cl Ϫ channel.
Perspective
To our knowledge, this is the first investigation of the effect of Cl Ϫ channels in ET-1-induced contraction in cerebral arteries. We used various approaches to demonstrate that modulation of Cl Ϫ channels alters ET-1-induced contraction in rabbit basilar arteries. We use in a schematic diagram to summarize the role of Cl Ϫ channels in ET-1-induced contraction (Fig. 10) . ET-1 activates ET A receptors and, by unknown mechanisms, ET-1 activates the Ca 2ϩ -activated or other Cl Ϫ channels, all of which result in contraction. Varying Cl Ϫ levels, intracellularly or extracellularly, affect ET-1-induced contraction. The Cl Ϫ channel inhibitors NPPB, IAA-94, and niflumic acid attenuate ET-1-induced contraction.
In conclusion, the mechanism regulating Cl Ϫ current responses to ET-1, however, remains unknown, although it is presumed that an elevation of intracellular Ca 2ϩ , released either from internal stores or drawn from extracellular space, might initiate some Cl Ϫ channel activation, especially the Ca 2ϩ -activated Cl Ϫ channels. The possible involvement of other Cl Ϫ channels and how they are involved remains to be explored. The interaction between Cl Ϫ channels and Ca 2ϩ or K ϩ channels after ET-A receptor activation warrants further study. A clear understanding of the mechanism of ET-1-induced contraction is critical to some clinical situations such as cerebral vasospasm and hypertension, in which ET-1 is involved (3, 41) .
